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a b s t r a c t
The bioconversion of lignocellulosic biomass to fermentable sugars for production of ethanol requires
a multienzyme system named cellulase. This system contains enzymes that act synergistically in the
hydrolysis of cellulose: endoglucanase, cellobiohydrolase and -glucosidase. The ﬁrst two enzymes act
directly on cellulose, yielding mainly glucose and cellobiose, which is hydrolyzed into glucose by -
glucosidase. An industrial process would be more economical by using immobilized systems that allow
the reuse of the enzyme and improve the enzyme stability against different inactivation agents. Partic-
ularly, the hydrolysis of cellobiose would be performed using immobilized enzyme because cellobiose
molecules are soluble in the reaction medium. In this work, -glucosidase was immobilized on agarose
matrix derivatized with different reactive groups, e.g. polyethylenimine (PEI), glyoxyl (linear aliphatic
aldehydes) and amine-epoxy, trying to optimize the stability and activity of the immobilized enzyme.
Using reversible attachment (immobilization by anion exchange), the derivatives were active, but with
poor thermal stability, e.g. PEI agarose derivativewas approximately 7 timesmore stable than the soluble
-glucosidase. However, these derivatives have important characteristics for an industrial process: reuse
of the enzyme and/or the application of continuous systems. Among the activated supports with irre-
versible attachment (covalent immobilization), glyoxyl agarose did not reach a good thermal stability;
it seems that the enzyme surface is very poor in amino groups from lysine residues. Better results were
obtained with amine-epoxy agarose supports. -Glucosidase immobilized on that support kept 80% of
0 timits activity and was ca. 20
. Introduction
Lignocellulosic biomass, which includes agricultural residues,
aper wastes and wood chips, is an ideal inexpensive, renewable,
bundantly available resource. Cellulose is the most abundant and
enewable biopolymer on Earth [1]. The enzymatic modiﬁcation
f cellulose is a challenge in all applications using cellulose-based
bers due to the potential beneﬁts. Enzymatic hydrolysis of cellu-
ose has been an important topic of scientiﬁc and practical interest
rom 1950s. Most of the appropriate scientiﬁc literature deals with
he mechanism and kinetics of this degradation reaction catalyzed
y a multienzyme system, cellulase [2–6].
Extracellular microbial enzymes have the potential to be pow-
rful tools for modifying cellulose. Cellulases are enzymes that
ydrolyze the-(1,4)-linkages in cellulose. Cellulases are produced
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as a multicomponent enzyme system comprised usually of three
enzymes that act synergistically in the hydrolysis of cellulose:
endoglucanase (EC 3.2.1.4), cellobiohydrolase (EC 3.2.1.91) and cel-
lobiase (-glucosidase, EC 3.2.1.21). The ﬁrst two enzymes act
directly on cellulose, yielding mainly cellobiose and glucose as the
reactionproducts. The cellobiose is thenhydrolyzed into glucose by
cellobiase. Endoglucanases and cellobiohydrolases degrade soluble
cellodextrins and amorphous cellulose. However, it is the cel-
lobiohydrolases that degrade crystalline cellulose most efﬁciently
[1,3,4,7].
The industrial process would be more economical by using the
immobilized systems since they allow the reuse of the enzyme
and improve the enzyme stability against different inactivation
agents [8]. However, the immobilization of an enzyme does not
Open access under the Elsevier OA license.guarantee its structure stabilization which is a target biocatalyst
industrial application. For this, multipoint covalent immobiliza-
tion of enzymes is the recommended technique that may promote
a very interesting rigidiﬁcation of protein molecules, resulting in
high thermal stabilized derivatives [8–11].
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An immobilization system should meet certain characteristics
o allow the enzyme stabilization via multipoint covalent attach-
ent: the selection of the best support characteristics (offering
arge internal surfaces and a high density of reactive groups), the
eactive group’s features (low steric hindrance for the reactionwith
he enzyme, high stability under immobilization conditions) and
roper immobilization conditions (those favoring both the reac-
ivity of the groups and the ﬂexibility of the enzyme molecule).
mong the available immobilization techniques, immobilization
n glyoxyl agarose and epoxy agarose seem to fulﬁll these require-
ents [12–14]. Glyoxyl agarose permits the immobilization of
he enzyme through the area with the highest density of lysine
esidues, that is, where the highest likelihood of multipoint cova-
ent attachment may be achieved. This could have a signiﬁcant
mpact in the enzyme stability [15–20]. Epoxy-activated supports
eem to be almost-ideal systems to develop many protocols for
nzyme immobilization. Epoxy groups are very stable at neutral
H values and are able to react with different nucleophilic groups
n the protein surface (e.g. amino, hydroxyl, or thiol moieties).
owever, epoxy groups are hardly reactive for enzyme immo-
ilization under mild experimental conditions (neutral pH and
ow ionic strength). In the case of epoxy supports, immobiliza-
ion occurs through a two step mechanism which involves a ﬁrst
apid physical adsorption followed by chemical reaction between
he enzyme and the support [13,14,21]. Taking advantage of this,
new generation of heterofunctional supports has been devel-
ped with different groups able to promote the ﬁrst adsorption
f the enzyme together to the epoxy-groups, which may allow the
nzyme immobilization via different areas [13]. This could increase
he possibilities of ﬁnding an area of the enzyme where the high-
st possibilities of multipoint covalent attachment are possible or
n enzyme orientation which could have a signiﬁcant impact in
he enzyme stability (e.g. immobilization by an unstable loop or by
abile structural regions, prevention of the inactivation by chemical
eagents [22]).
In the present study, cellobiase has been immobilized onto very
ifferent supports, including glyoxyl-agarose and also some con-
entional ones such as DEAE-Sepharose and cyanogen bromide
CNBr) activated supports, trying to optimize the stability/activity
f the immobilized enzyme.
. Materials and methods
.1. Materials
Cellobiase was donated by Novozymes A/S (Bagsvaerd,
enmark). Glucose oxidase (47,200units/g solid) type II-S
rom Aspergillus niger and peroxidase (113 Purpurogalinunits/mg
olid) type I from horseradish was purchased from Sigma
hem. Co. (St. Louis, MO). d(+) Cellobiose was purchased from
luka Chemie AG (Buchs, Switzerland). Cross-linked agarose
eads 4%, 6% and 10% (w/v) were donated by Hispanagar S.A.
Madrid). CNBr-activated SepharoseTM 4B was purchased from
mersham Biosciences (Uppsala, Sweden). DEAE-Sepharose
B was purchased from GE-Healthcare Bio-Sci AB (Uppsala,
weden). Polyethylenimine 25kDa (PEI 25) and 600–1000Da (PEI
00–1000), 2,3-epoxy-1-propanol (glycydol), ethylenediamine
EDA), 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
iammonium salt (ABTS), hydrochloride N-(3-dimethylamino-
ropyl)-N′-ethylcarbodiimide hydrochloride (CDI), aspartic acid
nd sodium borohydride were purchased from Sigma Chem. Co.
St. Louis, MO, USA). Sodium periodate, epychloridrine and glu-
araldehyde 25% were purchased from Fluka (Neu Ulm, Germany).
rganic solvents and all other reagents were of analytical
rade.lysis B: Enzymatic 69 (2011) 47–53
2.2. Enzymatic activity assays
Enzymatic activity of soluble and immobilized cellobiase was
measured at 25 ◦C by assaying the initial reaction rate of glu-
cose production using 2g/l d(+) cellobiose as substrate prepared
in 50mM acetate buffer pH 4.8.
The concentration of glucose was measured by colorimetric
method using glucose oxidase-peroxidase-ABTS system prepared
in 50mM phosphate buffer pH 6. The increasing absorbance was
measured at 405nm. The mixture of reaction was composed by
0.5ml of glucose oxidase (2.5 g/l), 0.5ml of peroxidase (2.5 g/l),
0.4ml of ABTS (1mM) and 1ml of cellobiose 2g/l. The reaction
was initiated by adding of 25–200l of soluble enzyme solution
or immobilized enzyme suspension.
Brieﬂy, d-glucose is oxidized by glucose oxidase to d-
glucanolactona (which in turn hydrolyzes spontaneously to
gluconic acid) and hydrogen peroxide, using molecular oxygen as
electron acceptor. ABTS in presence of hydrogen peroxide is oxi-
dized by peroxidase to its radical cation. TheABTS oxidized exhibits
maximum absorbance at approximately 405nm. The change in the
solution absorbance is proportional to glucose concentration since
the reaction is equimolar [28].
The catalytic activity was expressed as International Units
(1mol of glucose released per minute).
2.3. Preparation of immobilization supports
2.3.1. Preparation of CNBr supports
One gram of the gel (CNBr-activated Sepharose 4B) was sus-
pended in 100ml of water and the pH solution was adjusted
between 2 and 3, using diluted HCl solution. The suspension was
stirred during 30min and dried by ﬁltration under vacuum.
2.3.2. Preparation of glyoxyl supports
Glyoxyl supports were prepared activating the agarose matrix
with glycidol and subsequent oxidation with periodate [12]. Under
gentle agitation and in an ice bath, 105g of agarose, previously
washed with distilled water, were mixed with 30ml of distilled
water, 50ml of NaOH 1.7N, containing 1.425g sodium borohy-
dride (previously cold prepared), and 36ml of glycidol, which was
added very slowly to avoid raising the temperature above 25 ◦C.
The suspension formed was agitated for 15h. The etheriﬁed gel
(glyceryl-agarose) was washed with distilled water over a sintered
glass ﬁlter under vacuum. After the last washing, the gel was thor-
oughly sucked dry to remove the interstitial humidity. Then, 105g
of the gel was resuspended in 895ml of water (support to suspen-
sion ratio of 1:10) and 3.21g of sodium periodate was added. After
2h of gentle agitation at room temperature, the glyoxyl-agarose
support was washed with water, ﬁltered under vacuum and suck
dried.
2.3.3. Preparation of monoaminoethyl-N-ethyl-agarose
(MANAE-agarose) supports
Monoaminoethyl-N-ethyl-agarose (MANAE-agarose) was pre-
pared according to Fernandez-Lafuente et al. [23]. This support
was prepared from glyoxyl-agarose support, by adding 200ml of
2M ethylenediamine (EDA) solution at pH 10 to a 35g of glyoxyl-
agarose support. After 2h of gentle agitation, sodium borohydride
was added to a ﬁnal concentration of 10mg/ml. Again, after 2h of
gentle agitation, the MANAE-agarose support was washed succes-
sively with 100mM acetate buffer pH 4, 100mM borate buffer pH
9 and ﬁnally distilled water.
2.3.4. Preparation of glutaraldehyde supports
Glutaraldehyde support was obtained by activation of the
primary amino groups ofMANAE-agarose, according to Fernández-
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afuente et al. [24] with slight modiﬁcations. 20 g of MANAE-
garose was suspended in 22.4ml of 200mM sodium phosphate
uffer pH 7. Afterwards, 33.6ml of a 25% glutaraldehyde solution
ere added and the system was kept under gentle stirring for 16h
t room temperature. Finally, the activated support was washed
ith water and vacuum dried.
.3.5. Preparation of polyethylenimine supports
Polyethylenimine (PEI) agarose support was prepared from
lyoxyl-agarose support according to Mateo et al. [29]. 100g of
olyethylenimine was dissolved in 900ml of 100mM carbonate
uffer pH 10.05 and 100ml of glyoxyl-agarose were added. The
uspension was gently stirred for 3h at room temperature. After-
ards, sodium borohydride was added to a ﬁnal concentration of
0mg/ml and the system was kept under gentle stirring for 2h.
he PEI-agarose support was successively washed with 100mM
cetate buffer pH 4, 100mM borate buffer, pH 9, 1M NaCl solution
nd ﬁnally distilled water.
.3.6. Preparation of amino-epoxy supports
Activation was performed with epichlorohydrin as previously
escribed by Armisén et al. [25]. 10ml of 4 BCL agarose were
ashed thoroughly with distilled water and the moist gel was sus-
ended in30mlof0.8MNaOHcontaining340mgofNaBH4, 11.4ml
f acetone and two additions of 5.7ml of epichlorohydrin (after 2
nd 4h of reaction). The suspension was stirred for 8h at 25 ◦C and
nally washed thoroughly with distilled water.
Controlled amination of the support was performed as previ-
usly described by Mateo et al. [26]. 10 g of epoxy agarose was
ncubated in 60ml of 2% (v/v) ethylenediamine at pH 7.0 for dif-
erent times (from 15min to 24h) under very gently stirring. Then,
he supportswerewashedwith distilledwater, 1MNaCl andﬁnally
ith distilled water.
.4. Cellobiase immobilization
The immobilization course was monitored measuring the
nzyme activity in the supernatant and in the whole suspension at
ifferent time intervals. Additionally, controlswith soluble enzyme
ere used to determine the possible inactivating effect of the pH,
emperature, or dilution on the enzyme during the immobilization.
n all cases, the suspensions were prepared using relation 1:5 or
:10 (volume of support:volume of suspension) and gently stirred
t 25 ◦C at different times. The load of the supports was from 10
o 50l of commercial enzyme per gram of support to avoid mass
ransfer limitations.
For the immobilization on CNBr-activated Sepharose 4B, the
nzyme was diluted in 25mM sodium phosphate buffer pH 7.0,
he suspension was gently stirred during 1h. After that, the gel
as ﬁltered and washed with 0.1M sodium bicarbonate at pH 8.0.
fterwards, the gel was blocked with 1M ethanolamine at pH 8.0
uring 2h with gentle stirring, and washed with 25mM potassium
hosphate buffer at pH 7 and storage at 4 ◦C.
For the immobilization on highly activated glyoxyl agarose sup-
ort the enzyme was diluted in 100mM sodium bicarbonate buffer
H10.05and incubatedwith the support [26]. Theenzyme–support
nteraction was ended by addition of sodium borohydride to a ﬁnal
oncentration of 1mg/ml, and incubated for further 30min under
tirring [27]. Afterwards, the immobilized preparation was washed
ith an excess of 25mM sodium phosphate pH 7 and stored at 4 ◦C
ntil further use.Immobilization on DEAE and PEI (25kDa or 600–1000Da)
garose supportswas carried out in 5mMsodiumphosphate buffer
H 7.0. The enzyme–support interactionwas ended bywashing the
reparationswith excess 25mMsodiumphosphate buffer pH7and
tored at 4 ◦C until further use.lysis B: Enzymatic 69 (2011) 47–53 49
Immobilization on glutaraldehyde supports was carried out
in 25mM sodium phosphate buffer pH 7.0. The enzyme–support
interaction was ended by washing the preparations with excess
25mM sodium phosphate buffer pH 7 and stored at 4 ◦C until fur-
ther use.
Immobilization on amino-epoxy supports was carried out incu-
bating the enzyme solution in 5mM sodium phosphate buffer
pH 7.0 for 12h (overnight) [13]. Afterwards, the gel was ﬁltered
and incubated with 0.1M sodium bicarbonate at pH 10 for 12h
(overnight). The enzyme–support interaction was ended by block-
ing the remaining epoxy groups with 3M glycine or aspartic acid
pH 8.0 for 12h (overnight). The preparation was then thoroughly
washed with 25mM sodium phosphate buffer pH 7 and stored at
4 ◦C until further use.
Immobilization on MANAE agarose support followed by
crosslinking using glutaraldehyde was carried out in 5mM sodium
phosphate buffer pH 7.0. The suspension was maintained under
gently stirred for 30min. After that commercial glutaraldehyde
25% was added to a ﬁnal concentration of 0.5% (v/v). This suspen-
sion was gently stirred for 1h. The enzyme–support interaction
was ended by washing the preparation with excess 25mM sodium
phosphate buffer pH 7 and stored at 4 ◦C until further use.
The parameters of immobilization procedure were deﬁned as:
yield of immobilization (YI) is the ratio between the amount
of immobilized enzyme and the amount of enzyme offered to
immobilization. The activity recovery (RA) is the ratio between
the measured derivative activity and the theoretical immobilized
activity (difference between the initial activity and the activity
measured in the ﬁnal supernatant).
2.5. Enzyme desorption from DEAE and PEI supports assay
Desorption course was monitored measuring the enzyme activ-
ity in the supernatant and in the whole suspension (initially
prepared in5mMsodiumphosphate solution, pH7, 1:10) for differ-
ent ionic strength adjusted with 5M NaCl solution. For each ionic
straight used, the suspension was gently stirred for 30min. The
end of the assay was admitted when the enzyme activity in the
supernatant and whole suspension were the same.
2.6. Puriﬁcation of the commercial cellobiase
The commercial cellobiase was puriﬁed by adsorp-
tion/desorption on DEAE-agarose, followed by dialysis against
excess of sodium phosphate buffer, pH 7.0 at 4 ◦C under gently
stirred by 24h and using 10–12kDa cut-off membrane.
2.7. Inactivation assays
Immobilized enzyme preparations were incubated under the
temperature, ionic strength, enzyme concentrations, organic sol-
vents and pH conditions detailed in each case in the corresponding
ﬁgure legend. Sampling was performing periodically and the resid-
ual enzymatic activity was calculated as the ratio of the activity
of each sample at deﬁned time and the initial activities before the
inactivation conditions.
The single-step non-ﬁrst-order model, proposed by Sadana and
Henley [30],wasﬁtted to the experimental data. Thismodel consid-
ers that a single-step inactivation leads to a ﬁnal state that exhibits
a residual activity, which is very stable and does not unfold or
inactivate. The activity–time expression is:A
A0
= (1 − ˛) exp(−kt) + ˛ (1)
where A/A0 is the activity (dimensionless); ˛ is the ratio between
speciﬁc activity of the ﬁnal state and speciﬁc activity of the initial
50 M.F. Vieira et al. / Journal of Molecular Catalysis B: Enzymatic 69 (2011) 47–53
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Fig. 2. Immobilization course of (©) commercial and () puriﬁed cellobiase on
PEI (600–1000Da) agarose support. Experimental conditions: 25 ◦C, pH 7.0 (5mM
sodium phosphate buffer).
Table 2
Immobilization parameters of commercial cellobiase by ion exchange on DEAE and
PEI-agarose supports. Immobilization conditions: 25 ◦C, pH 7.0 (sodium phosphate
buffer, 5mM) and 2h of reaction.
T
Pig. 1. Thermal inactivation at 65 ◦C, pH 4.8 of () commercial cellobiase and ()
uriﬁed enzyme. The initial activities (A0) were set as the unit. The curves were
btained byﬁtting the single-step non-ﬁrst-ordermodel (Eq. (1)) to the deactivation
ata.
tate, and k is the ﬁrst-order deactivation rate constant (time−1).
he parameter k should describe the unfolding or the inactivation
rocess, and the parameter ˛ the long-term level of activity [30].
The two-parameter model was ﬁtted to the deactivation data
sing the Levenberg–Marquardt method of iterative convergence,
t 0.95 conﬁdence level. The biocatalyst half-life was then calcu-
ated using the ﬁtted model. Factors of stability were deﬁned as
he ratio between the half-lives of each derivative and the half-life
f the puriﬁed enzyme or CNBr-agarose derivative (derivative of
eference).
. Results and discussion
.1. Puriﬁcation of the commercial cellobiase
The commercial cellobiase was puriﬁed by adsorption/
esorption on DEAE-agarose. The adsorption step was carried out
nder low ionic strength (5mM) and the desorption step was
arried out under high ionic strength (200mM). Afterwards, the
esorbed enzyme was dialyzed against sodium phosphate buffer
mM, pH 7.0, in excess. After all puriﬁcation steps the recov-
red activity was approximately 50% of the initial activity and the
nzyme solution changed from dark brown to dark yellow.
The puriﬁcation procedure inﬂuenced the commercial cellobi-
se stability and its immobilization velocity. The puriﬁed soluble
nzyme was approximately 2-fold less stable than the commer-
ial soluble enzyme (see Fig. 1 and Table 1), probably due to the
dditives (glycerol, PEG, etc.) used to protect and preserve the com-
ercial enzyme. The commercial enzymepresents good stability in
large range of pH, from 5 to 10, so it is expected that the enzyme
ould be immobilized on any kind of support.Itwas decided to prepare the biocatalysts using puriﬁed enzyme
o have the real stabilization of the enzyme by immobilization pro-
edure. Besides, some immobilization procedures were carried out
sing commercial enzyme to verify the inﬂuence of the additives
n the immobilization of enzyme (time of immobilization, yield of
able 1
arameters of deactivation models (65 ◦C, pH 4.8): soluble puriﬁed and commercial cello
Enzyme ˛ ±  k± 
Puriﬁed cellobiase 0.01064 ± 0.00901 0.16644 ± 0.0052
Commercial cellobiase 0.0343 ± 0.00602 0.08579 ± 0.0034
a Half-lives were calculated from Eq. 1, replacing A/A0 by 0.5.Support YI (%) RA (%)
DEAE-agarose 6 BCL 97.6 51
PEI (600–1000Da) agarose 6 BCL 99.2 92
immobilization, activity recovery and thermal stability).
Fig. 2 shows that the commercial enzyme was almost totally
immobilized on PEI (600–1000Da) agarose support after 3h of
reaction, while the puriﬁed soluble enzyme was completely immo-
bilized after only 2h of reaction.
3.2. Reversible immobilization of commercial and puriﬁed
cellobiase
Commercial and puriﬁed cellobiase was immobilized by ion
exchange on supports highly activated with positive charges
(DEAE-agarose and PEI (600–1000Da)-agarose). These supports
permit the orientation of the enzyme by the region containing high
concentration of negative charges (aspartic and glutamic residues).
The adsorption on that supports was quick. After 2h of reac-
tion almost all enzyme was immobilized. A signiﬁcant result
was observed in the recuperation of activity in the immobilized
enzyme. Cellobiase immobilized on PEI-agarose (600–1000Da)
(see Table 2) recovered approximately 2-fold more activity than
cellobiase immobilized on DEAE-agarose. This result can be expli-
cated by high concentration of reactive groups (forming a ﬂexible
polymeric bed) on the PEI-agarose support that better accom-
modates the enzyme molecule without signiﬁcant changes in its
tridimensional structure.Fig. 3 shows the proﬁle immobilization of cellobiase on those
supports. We can see that immobilization on PEI-agarose is faster
than on DEAE-agarose, because PEI support contains more amino
groups compared to the DEAE support. However, for both supports
biase.
R2 Half-lifea, min Stabilization factor
2 0.9994 4.2 1
5 0.9991 8.5 2
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Fig. 3. Immobilization course of commercial cellobiase on () PEI (600–1000Da)-
agarose 6 BCL and () DEAE-agarose 6 BCL at 25 ◦C, pH 7.0 (sodiumphosphate buffer
5mM). Loading of 50l of commercial cellobiase per gram of support.
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T
Pig. 4. Desorption proﬁles of cellobiase from (©) DEAE-agarose and () PEI-agarose
upports. Initial suspensions were prepared in 5mM sodium phosphate buffer pH 7
nd the ionic strength was adjusted with 5M NaCl solution.
lmost all enzyme was immobilized after 2h of reaction (above
7%).
Fig. 4 shows that the enzyme is more strongly adsorbed
n PEI-agarose support than on DEAE-agarose support. Ionic
trength of 200mM was necessary to desorb all enzymes from PEI
600–1000Da)-agarose support. This intense physical adsorption
n PEI-agarose has important industrial implications considering
hat the enzyme will not elute from the support under gently
eaction conditions. Besides, this immobilization method permits
he regeneration of the support after complete inactivation of the
nzyme. This fact would contribute to minimize the costs of the
roduction.
The high strength of binding between the enzyme and PEI-
garose supports also contributed for a best stabilization of the
nzyme. Fig. 5 and Table 3 show that cellobiase immobilized on
able 3
arameters of deactivation models (65 ◦C, pH 4.8): soluble and immobilized cellobiase. Su
Biocatalyst ˛ ±  k± 
Puriﬁed cellobiase 0.01064 ± 0.00901 0.16644 ± 0.005
Cellobiase-DEAE-Agarose 0.1073 ± 0.02329 0.05865 ± 0.005
Cellobiase-PEI-Agarose 0.2126 ± 0.02731 0.03391 ± 0.003
a Half-lives were calculated from Eq. 1, replacing A/A0 by 0.5.Fig. 5. Thermal inactivation at 65 C, pH 4.8, of () puriﬁed cellobiase and puriﬁed
enzyme immobilized on (©) DEAE-agarose and () PEI (600–1000Da)-agarose. All
suspensions were prepared in 5mM sodium acetate buffer. The initial activities (A0)
were set as the unit. The curves were obtained by ﬁtting the single-step non-ﬁrst-
order model (Eq. (1)) to the deactivation data.
PEI-agarose support was approximately 2-fold more stable than
cellobiase immobilized on DEAE-agarose. This result may be pro-
duced by the creation of a very hydrophilic microenvironment of
the polymeric PEI surrounding each enzyme molecule. This high
hydrophilization of the enzyme surface may difﬁcult the exposi-
tion of some internal hydrophobic pockets to the external medium
and this may promote a certain stabilization of the immobilized
enzyme.
3.3. Irreversible immobilization of cellobiase
Commercial cellobiase was immobilized by covalent attach-
ments on agarose activated with different functional groups, such
as, amino, epoxy and aldehyde. A bifunctional support was tested,
amino-epoxy-agarose. For linkage amino (enzyme)-aldehyde
(support) two strategies were used: covalent attachment on
agarose activated with glutaraldehyde (glutaraldehyde-agarose)
and adsorption on amino-agarose followed by cross-linked
with soluble glutaraldehyde (amino-glutaraldehyde-agarose). All
derivativeswere comparedwith the enzyme immobilizedonCNBr-
agarose (reference derivative). For this support, the immobilization
time was kept constant (30min) and the immobilization yield was
around 15% and the recovered activity was 100%.
Fig. 6 shows the immobilization proﬁles for commercial and
puriﬁed enzyme on different activated supports. Clearly we can
see that the commercial cellobiase immobilizes more slowly than
the puriﬁed enzyme. This result shows that, probably, the additives
in the commercial enzyme preparation compete by the active sites
of the supports, hindering the immobilization of the enzyme, or
reduce the mobility of the enzyme molecule decreasing the immo-Although the additives certainly present in the commer-
cial enzymatic formulations increase the stability of the soluble
enzyme, the same additives affect negatively the immobilization
rates.
spensions prepared using 5mM sodium acetate buffer.
R2 Half-lifea, min Stabilization factor
22 0.9994 4.2 1
58 0.9934 14 3.3
23 0.9945 30 7.1
52 M.F. Vieira et al. / Journal of Molecular Catalysis B: Enzymatic 69 (2011) 47–53
120100806040200
0
10
20
30
40
50
60
70
80
90
100
S
u
p
e
rn
a
ta
n
t 
a
c
ti
v
it
y
, 
%
Time, min
Fig. 6. Immobilization course of commercial (closed symbols) and puriﬁed (open
symbols) cellobiase on different activated supports: amino-epoxy-agarose (trian-
gles) and glyoxyl-agarose (squares).
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Fig. 7. Thermal inactivationat65 ◦CandpH4.8of cellobiasepuriﬁed immobilizedon
() CNBr-agarose, () glutaraldehyde-agarose, () amino-agarose and cross-linked
with glutaraldehyde. The initial activities (A0) were set as the unit. The curves were
obtained byﬁtting the single-step non-ﬁrst-ordermodel (Eq. (1)) to the deactivation
data.
Table 4
Immobilization parameters of cellobiase on different activated supports.
Support Glyoxyl-agarose 4 BCL Amino-epoxy-agarose
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Fig. 8. Thermal inactivation at 65 ◦C and pH 4.8 of puriﬁed cellobiase immobilized
on () CNBr-agarose, and () amino-epoxy-agarose. The initial activities (A0) were
set as the unit. The curves were obtained by ﬁtting the single-step non-ﬁrst-order
model (Eq. (1)) to the deactivation data.
Table 6
Parameters of immobilization of commercial cellobiase on agarose activated with
different reactive groups and CNBr as standard. Immobilization conditions: 25 ◦C,
pH 7 (5mM sodium phosphate buffer).
Support YI (%) RA (%)
CNBr-agarose 11.4 100
T
Pcellobiase Commercial Puriﬁed Commercial Puriﬁed
YI (%) 15 71 96 99
RA (%) 3 22 53 68Table 4 shows the immobilization yield and the recovered activ-
ties for all assayed supports after 2h of immobilization reaction.
he immobilization is more rapid using puriﬁed enzyme.
Fig. 7 and Table 5 show that derivatives prepared by linking the
nzyme with aldehyde groups were more stable than cellobiase
able 5
arameters of deactivation models (65 ◦C, pH 4.8) of cellobiase immobilized on agarose a
Support ˛ ±  k
CNBr-agarose 0.13758 ± 0.02844 0
Glutaraldehyde-agarose 0.31999 ± 0.02849 0
Amino-glutaraldehyde (MANAE+glutaraldehyde) 0.29112 ± 0.01222 0
a Half-lives were calculated from Eq. 1, replacing A/A0 by 0.5.Glutaraldehyde-agarose 99.2 80
Amino-glutaraldehyde-agarose 98.4 67
immobilized on CNBr-agarose (13–15-fold). Besides, the derivative
immobilized on glutaraldehyde-agarose showed a recovered activ-
ity of 80% (Table 6). The cross-linked with soluble glutaraldehyde
also presented a deﬂect effect over the enzyme. The activity recov-
ery was only 67% and the thermal stability of the enzyme was not
positively inﬂuenced.
Puriﬁed cellobiase was immobilized by covalent attachments
on amino-epoxy-agarose support and compared with one immo-
bilized on CNBr-agarose (reference support). Using amino-epoxy
support was possible to prepare a derivative ca. 200-fold more sta-
ble than one prepared on CNBr-agarose support (see Fig. 8 and
Table 7). The derivative prepared on amino-epoxy-agarose pre-
sented 68% of recovered activity. The high stability of the enzyme
immobilized on amino-epoxy support due to the formation of
multiple covalent bonds between active groups from the support
(epoxy) and active groups from the enzyme (–OH and –NH2, for
example). The ﬁrst step of the immobilization on this support is a
rapid and weak adsorption by ion exchange. After this ﬁrst adsorp-
tion process and even at neutral pH an intramolecular covalent
attachment can be produced. However, when the pH is increased
for an alkaline value (pH10) the covalent bonds are greatly favored.
The tri-dimensional structure of the enzyme linked to the support
by multiple points becomes more rigid and hardly unfolds due to
the increased vibrational movement caused by raising tempera-
tures.
ctivated with different reactive groups.
±  R2 Half-lifea, min Stabilization factor
.11426 ± 0.01881 0.9885 7 1
.01353 ± 0.00179 0.9988 103 15
.01182 ± 0.01222 0.9917 98 13
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Table 7
Parameters of deactivation models (65 ◦C, pH 4.8) of puriﬁed cellobiase immobilized on CNBr-agarose (reference support) and amino-epoxy-agarose support.
Support ˛ ±  k±  R2 Half-lifea, min Stabilization factor
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.0001
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Biomacromolecules 1 (4) (2000) 739–745.CNBr-agarose 0.13758 ± 0.02844 0.11426 ± 0
Amino-epoxy-agarose 0.44483 ± 0.02182 0.00169 ± 0
a Half-lives were calculated from Eq. 1, replacing A/A0 by 0.5.
. Conclusions
Using different strategies of immobilization was possible to
repare a derivative with high activity and thermal stability. The
dditives of the commercial enzymatic formulation increase the
oluble cellobiase stability, around 2-fold, but also difﬁcult its
mmobilization on the supports tested in this work. The com-
ercial cellobiase stability was almost the same presented by
ellobiase puriﬁed, but when the enzyme was puriﬁed the immo-
ilization process presented better results. It was tested by two
eversible immobilization methods (DEAE and PEI supports). The
est reversible derivative was prepared using PEI-agarose sup-
ort. That derivative presented a recovered activity of 92%, high
onic strength for enzyme desorption and thermal stability 6 times
igher than that of the soluble and puriﬁed enzyme. The bio-
atalysts prepared by reversible linkage should be a good choice
f the process requires only a reasonable stability, because after
nzyme inactivation the support can be recovered and reused. The
mmobilization yield on glyoxyl agarose support was of 71%, but
he immobilized enzyme was not stabilized. Probably, the enzyme
olecule not contains a rich region in amino groups from lysine
esidues. The best derivative was prepared immobilizing cellobi-
se on amino-epoxy agarose: the recovered activity was 68% and
he immobilized enzyme was ca. 200 times more stable than the
uriﬁed cellobiase immobilized on CNBr-agarose support.
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